Neurofibromatosis type 1 (NF1) is a single-gene disorder affecting neurologic function in humans. The NF1+/ − mouse model with germline mutation of the NF1 gene presents with deficits in learning, attention, and motor coordination, very similar to NF1 patients. The present study performed brain perfusion single-photon emission computed tomography (SPECT) in NF1+/ − mice to identify possible perfusion differences as surrogate marker for altered cerebral activity in NF1. Cerebral perfusion was measured with hexamethyl-propyleneamine oxime (HMPAO) SPECT in NF1+/ − mice and their wild-type littermates longitudinally at juvenile age and at young adulthood. Histology and immunohistochemistry were performed to test for structural changes. There was increased HMPAO uptake in NF1 mice in the amygdala at juvenile age, which reduced to normal levels at young adulthood. There was no genotype effect on thalamic HMPAO uptake, which was confirmed by ex vivo measurements of F-18-fluorodeoxyglucose uptake in the thalamus. Morphologic analyses showed no major structural abnormalities. However, there was some evidence of increased density of microglial somata in the amygdala of NF1-deficient mice. In conclusion, there is evidence of increased perfusion and increased density of microglia in juvenile NF1 mice specifically in the amygdala, both of which might be associated with altered synaptic plasticity and, therefore, with cognitive deficits in NF1.
INTRODUCTION
Genetic disorders that result in impaired neuronal plasticity by disrupting signaling pathways are a common cause of cognitive impairment in children. 1 The most frequent single-gene disorder affecting neurologic function in children is neurofibromatosis type 1 (NF1). [2] [3] [4] The mutated gene that causes NF1 is referred to as the NF1 oncogene. The product of the NF1 oncogene is neurofibromin, a multidomain molecule that is involved in the regulation of several intracellular processes including RAS ('Rat sarcoma' oncogene family) activity and adenylyl cyclase-mediated signal transductions. By this, neurofibromin has a key role in signal transduction and regulation involved in synaptic plasticity, memory, and learning. 5 Besides impaired motor coordination, 6 learning disability is the most frequent neurologic complication in children with NF1, occurring in 30% to 60% of cases. 5 More precisely, children with NF1 often show a considerable lag of achievement/performance despite a normal or only slightly reduced IQ (intelligence quotient). 5, 7 Learning capabilities tend to improve towards normal levels during adolescence and young adulthood, and late maturation of the IQ can be observed. 8 Nevertheless, the quality of life is often reduced in the long term because of lack of education at school and vocational training during childhood, because deficits acquired in this early formative years are not re-compensated later. Thus, there is a need for treatment of impaired learning/learning disability in children with NF1. Normal IQ and the fact that learning disabilities tend to decrease with age suggest that effective treatment might be possible.
Further evidence for good treatability of learning disabilities in NF1 has been provided by research in mouse models that are heterozygous for a null mutation of the NF1 gene. 9 The NF1+/ − mice with a germline mutation resulting in hemizygote knockout of the NF1 gene exhibit cognitive abnormalities such as deficits in learning, attention, and motor coordination that resemble deficits seen in children with NF1. [9] [10] [11] [12] Costa and co-workers found the learning deficits in NF1+/ − mice to be associated with impaired long-term potentiation due to (i) excessive RAS activity that leads to increased γ-amino butyric acid (GABA) inhibition and (ii) impaired N-methyl-D-aspartate receptors. 13 The same authors also showed that learning deficits in NF1+/ − mice can be reduced not only by genetic manipulation but also by pharmacological interventions that inhibit RAS function. 9, 13, 14 The H-RAS (Harvey rat sarcoma viral oncogene homolog) and other guanosine triphosphatase-activating proteins also have been implicated in long-term potentiation via their modulation of excitatory neurotransmission. 13 These deficits in synaptic plasticity have also been linked to NF1-associated impairment of cognition in humans. 15 Furthermore, neurofibromin has been demonstrated to modulate excitatory synaptic function, namely by interacting with the N-methyl-D-aspartate receptor in a large postsynaptic Figure 1 . Cross-sectional ROI-based comparison of NF1+/ − versus WT mice; significantly increased HMPAO uptake in the amygdala (A) and tendency towards increased HMPAO uptake in the olfactory bulb (B) in NF1+/ − mice at juvenile age (baseline), but not at young adulthood (follow-up, D and E). No difference of HMPAO uptake in the thalamus between NF1+/ − and WT mice, neither at juvenile (C) nor at adult age (F). No difference in thalamic FDG uptake at juvenile age (G). All ROIs were bilateral, i.e., including the corresponding brain structure in both hemispheres. FDG, F-18-fluorodeoxyglucose; HMPAO, hexamethyl-propyleneamine oxime; NF1, neurofibromatosis type 1; ROI, region of interest; WT, wild type.
complex. 13 In very recent work, NF1-associated learning deficits were linked to disruption in the regulation of the classic MAPK (mitogen-activated protein kinase) pathway in the amygdala leading to impaired synaptic plasticity in terms of GABA-mediated inhibition and glutamate excitation, as well as altered expression of key synaptic proteins in the amygdala. 16 These alterations could be rescued by deletion of the Pak1 (p21 protein-activated kinase 1) gene or pharmacological blockade of Pak1 function. 16 Thus, there are various promising targets for the treatment of learning deficits in NF1. For efficient evaluation of these treatment options in NF1+/ − mice, the identification of a biomarker might be useful that strongly correlates with cognitive performance but provides higher test-retest stability than cognitive testing, particularly in mice. Such biomarkers might be derived from functional radionuclide imaging using positron emission tomography (PET) or single-photon emission computed tomography (SPECT) with tracers that are sensitive to synaptic activity. Positron emission tomography with the glucose analog F-18-fluorodeoxyglucose (FDG) measuring the regional cerebral metabolic rate of glucose (rCMRGlc) has been shown to be a useful marker of synaptic activity. 17 Recent proposals to revise guidelines for the diagnosis of neurodegenerative diseases, for example Alzheimer's disease, recommend FDG PET as a biomarker of synaptic dysfunction to complement symptom-based criteria. 18, 19 In patients with NF1, FDG PET has revealed reduction of rCMRGlc specifically in the thalamus, as large as approximately 30% in children and considerably smaller, approximately 10%, in adults. [20] [21] [22] However, FDG PET of the mouse brain is limited by the spatial resolution of small animal PET systems, which is approximately 1.5 mm. Given the recent advances in instrumentation and reconstruction software, small animal SPECT systems allow spatial resolution of 0.7 mm at adequate statistical image quality, which enables brain imaging in mouse models. 23 The SPECT might be used with tracers for regional cerebral blood flow (rCBF), which also is coupled with synaptic activity. The rCBF and rCMRGlc are highly correlated not only in the healthy brain but also in many diseased states. 24 In fact, some guidelines for the diagnosis of neurodegenerative diseases in humans suggest perfusion SPECT and FDG PET as biomarkers for synaptic activity on an equal footing. 25 Our group recently evaluated small animal SPECT with Tc-99m-labeled hexamethyl-propyleneamine oxime (HMPAO) for measuring rCBF in mice. 26 The primary aim of the present study was to compare rCBF as measured by HMPAO perfusion SPECT between NF1+/ − mice and wild-type littermates to identify surrogate markers of synaptic dysfunction in NF1 that might be evaluated as biomarkers of cognitive function in further studies. Histologic analyses were performed to identify structural correlates of altered rCBF.
MATERIALS AND METHODS Mice
Heterozygous NF1n31 mice, C57BL/6J mice with a targeted NF1 gene mutation, 10 were kindly provided by Professor Dr D Kaufmann (Institute of Human Genetics, University Hospital Ulm, Albert-Einstein-Allee 11, 89070 Figure 2 . Cross-sectional voxel-by-voxel group comparison of NF1+/ − versus WT mice; increased HMPAO uptake in amygdala (A) and olfactory bulb (B) in juvenile NF1+/ − mice. Reduced HMPAO uptake in the frontal cortex of young adult NF1+/ − mice (C). HMPAO, hexamethyl-propyleneamine oxime; NF1, neurofibromatosis type 1; WT, wild type.
Ulm, Germany). The NF1n31 mice show deficits in both synaptic plasticity and learning. 9, 27 Genotype of all newborn mice was determined using PCR (AccuPrime SuperMix II, Invitrogen, Darmstadt, Germany) with the appropriate primer set (NFX4, NFX414, and MC1-Out III, Invitrogen).
The study included 81 mice in total: 40 heterozygous NF1n31 mice (NF1+/ − ) and 41 wild-type littermates (WT). Thirty-nine of these mice were included in the in vivo perfusion SPECT experiments with SPECT imaging at two different time points (see subsection 'SPECT imaging'); 20 NF1+/ − and 19 WT mice. Baseline SPECT was performed in all mice, follow-up SPECT was performed in 16 mice from the NF1+/ − group and in 18 mice of the WT group. At baseline, the NF1+/ − group comprised eight female and 12 male mice, the WT group 11 female and eight male mice. At follow-up, the NF1+/ − group comprised six female and 10 male mice, the WT group 10 female and eight male mice. The gender distribution was not significantly different between the NF1+/ − and the WT group, neither at baseline (Chi-square test, P = 0.343) nor at follow-up (P = 0.327). Ex vivo well-counter measurements of thalamic FDG uptake were performed in 31 mice (14 NF1+/ − , 17 WT; 5.9 to 6.4 weeks of age). The remaining 11 mice were included in histology and immunohistochemistry analyses (six NF1+/ − aged 7.2 ± 1.8 weeks, five WT aged 7.7 ± 2.7 weeks). All the animals were kept in the local animal facility on a 12:12 hours light/dark cycle for at least 3 days before the experiment. The temperature was kept at 22°C, humidity at 50%. The mice had free access to mouse chow pellets and water. All 
Single-Photon Emission Computed Tomography Imaging
Perfusion-SPECT was performed at two different time points in the same mice. The baseline scan was performed at juvenile age, younger than 10 weeks (6.9 ± 2.0 weeks), the follow-up scan at young adult age, older than 12 weeks (16.8 ± 4.0 weeks). Mice were anesthetized by intraperitoneal injection of ketamine/xylazine (100 mg/kg ketamine and 10 mg/kg xylazine) 10 minutes before tracer injection.
The HMPAO was prepared in high-activity concentrations using fresh (o 2 hours old) eluent of Tc-99m-pertechnetate taken from a standard generator. Aliquots of Ceretec (GE Healthcare, Arlington Heights, IL, USA) were used for the preparation of HMPAO, as previously described. 26 The injected dose was 110 ± 64 MBq at baseline, 119 ± 30 MBq at follow-up.
Imaging was performed with a four-head nanoSPECT/CTplus system (Bioscan Europe, Paris, France). 28 The anesthetized mouse was positioned on the mouse bed of the Minerve Small-Animal Environment System (Bioscan Europe) with integrated heating to maintain normal body temperature during the scan. General-purpose mouse apertures were used for SPECT imaging, each with nine holes of 1 mm diameter. This configuration provides a sensitivity of 1.2 c.p.s./kBq for the detection of Tc-99m decays. The SPECT imaging was started 10 minutes after HMPAO injection. Projection data were acquired in step-and-shoot mode for 120 seconds at each of the 20 angular steps resulting in a total scan duration of 40 minutes. The energy window was centered at 140 keV with a window width of ± 10%. Transversal images were reconstructed with the iterative algorithm of the HiSPECT multi-pinhole software (SCIVIS) with a pixel size of 0.3 × 0.3 mm 2 and slice thickness of 0.3 mm. Spatial resolution in the reconstructed images was approximately 0.7 mm full-width-at-halfmaximum. 23 
Single-Photon Emission Computed Tomography Image Processing
The HMPAO SPECT images were processed as described previously. 26 In short, SPECT images were stereotactically normalized using the 'Normalize' tool of the Statistical Parametric Mapping software package (SPM8, Wellcome Trust Centre for Neuroimaging, London, UK) with a custommade HMPAO SPECT template to define the target space. For the scaling of voxel intensities, mean global tracer uptake (mean tracer uptake over the whole brain) was computed as the weighted average of all voxel intensities. Each voxel was weighted by the probability that it belongs to the brain according to the whole-brain probability map of the atlas developed by Ma et al (see next paragraph). 29, 30 Voxel intensities of the stereotactically normalized SPECT were scaled to the individual mean global tracer uptake, i.e., each voxel value was divided by the mean global tracer uptake.
The '3D digital atlas database of the adult C57BL/6J mouse brain' provided by Ma et al 29, 30 was used for region of interest (ROI) analyses. This database includes a volumetric probabilistic atlas in the anatomic space of the reference brain. The probabilistic atlas is created from 10 C57BL/6J brains and represents 20 segmented bilateral ROIs. The probabilistic atlas consists of 21 images in the reference brain space, one for each ROI plus one for the whole brain. The voxel intensities in these images specify the probability that a given voxel belongs to the corresponding brain structure. The sum over all voxel intensities was scaled to one in each ROI image. Mean uptake of HMPAO in a given ROI was obtained by multiplying the SPECT image voxel-wise by the corresponding ROI image and summing up all voxel intensities of the product.
Statistical Analysis
Analysis of variance was performed to compare the relative HMPAO uptake between NF1 and WT mice within the following ROIs (notation as defined by Ma et al 31, 32 ): neocortex, hippocampus, amygdala, olfactory bulb, basal forebrain and septum, caudate and putamen, thalamus, hypothalamus, central gray matter, superior colliculi, inferior colliculi, rest of midbrain, cerebellum, and brain stem. SPSS Statistics (version 19, IBM, Armonk, NY, USA) was used for this purpose. Age was taken into account as covariate. Bonferroni adjustment for the number of ROIs was not applied.
In addition to the analysis with these a priori defined ROIs, explorative testing for differences in HMPAO uptake between NF1+/ − and WT mice was performed on a voxel-by-voxel base using the t-test implemented in SPM 8. The SPECT images were smoothed with an isotropic Gaussian kernel with 1.0 mm full-width-at-half-maximum before testing. The differences were considered significant for P ⩽ 0.01 (uncorrected for multiple testing) and a minimum cluster size of 1,000 voxels corresponding to a volume of 1.0 mm 3 . Voxel-based testing was restricted to the crosssectional group comparison of NF1+/ − versus WT mice separately at juvenile age and at young adulthood. This avoids confounding effects of age-related changes in brain size and structure, which affect testing of longitudinal changes of cerebral perfusion and are difficult to control reliably.
Perfusion-SPECT in neurofibromatosis 1 mice

Ex vivo Measurement of Thalamic F-18-Fluorodeoxyglucose Uptake
In vivo SPECT imaging did not reveal reduced blood flow in the thalamus of NF1+/ − mice (see Results), which was somewhat unexpected, as PET in humans with NF1 has shown a rather pronounced reduction of FDG uptake specifically in the thalamus (and normal FDG uptake in all other brain structures). [20] [21] [22] To test whether the lack of an effect in the thalamus of NF1+/ − mice in the in vivo SPECT experiments was because of targeting perfusion rather than glucose metabolism (or a true interspecies difference), we performed postmortem well-counter measurements of FDG uptake in the thalamus of NF1+/ − and WT mice. Postmortem wellcounter measurements avoid partial volume effects inevitable in in vivo PET imaging. The latter reduces the power to detect effects in substructures of the mouse brain.
The mice were injected with approximately 1 MBq FDG in the tail vein, and were killed after an uptake period of 20 minutes. The brains were removed immediately. The bilateral thalamus was dissected from a 2 mm coronal slice (Bregma − 0.5 to − 2.5 mm) using a standard stereotactical matrix. This approach was verified histologically in two additional mice. Weight was obtained for thalamus and for the rest of the cerebrum (without cerebellum). The FDG uptake of each tissue sample was measured using a γ-well-counter (Wallac Wizard 1470, 5 minutes) and then scaled to its weight (specific FDG uptake). Dead-time and statistical count error were low in all the cases. The thalamus-to-cerebrum ratio was computed, in analogy to the proportional scaling approach used in FDG PET in humans. 21 
Histology and Immunohistochemistry
For histology and immunohistochemisty, mice were anesthetized with sodium pentobarbital (0.8 mg/g body weight, intraperitoneal; Narcoren; Merial, Hallbermoos, Germany) and transcardially perfused with physiologic saline for 1 minute, followed by 4% formaldehyde in 0.1 M sodium phosphate buffer, pH 7.3, for 15 minutes. Brain hemispheres were than post-fixed in 4% paraformaldehyde for at least 48 hours. Paraffinembedded, 4-μm thick sections were deparaffinized and conventionally stained with hematoxylin-eosin stain. Immunohistochemical analysis was performed as described previously 31, 33 using a Bond-Max (Leica Microsystems GmbH/Menarini, Wetzlar, Germany) with antibodies against ionized calcium-binding adapter molecule 1 (IBA1, 1:2,000, Wako 019-19741, Neuss, Germany) to label microglia, glial-fibrillary acid protein (1:1,000, DAKO Z033401, Hamburg, Germany) to label astrocytes, NeuN (1:1,000, Millipore MAB377, Darmstadt, Germany) to label neurons, synaptophysin (1:200, clone Z66, Invitrogen) to label synapses. Slides were developed using the Bond Polymer Refine Detection kit (Menarini/ Leica Microsystems, Germany). For the evaluation, whole-tissue sections and TMAs were digitized at 230 nm resolution using a MiraxMidi Slide Scanner (Zeiss MicroImaging GmbH, Oberkochen, Germany). 31 
RESULTS
In vivo Perfusion Single-Photon Emission Computed Tomography
At baseline, a significant intersubject genotype effect was detected in the amygdala (P = 0.028), and a tendency towards significance in the olfactory bulb (P = 0.082). In both ROIs, relative HMPAO uptake was increased in NF1+/ − mice compared with WT mice (Table 1 , Figures 1A and 1B, ) . The increase of HMPAO uptake in the amygdala of juvenile NF1+/ − mice was even more significant (P = 0.004) when the highest value and the lowest value ('outliers') were removed in both the NF1+/ − and the WT group, as might have been expected from Figure 1A .
Relative HMPAO uptake in the thalamus was not different between NF1+/ − and WT mice (P = 0.979, Table 1 , Figure 1C ).
The results of the ROI-based analyses were confirmed by the voxel-based tests; there was a significant cluster of increased HMPAO uptake in the NF1 mice in both the amygdala (Figure 2A ) and the olfactory bulb ( Figure 2B) .
At follow-up, there was no genotype effect on HMPAO uptake in the amygdala nor in the olfactory bulb; HMPAO uptake in NF1+/ − mice was reduced to the normal level in WT mice ( Table 1 , Figures 1D and 1E, ) . This was confirmed by voxel-based testing, which did not detect a significant effect in these brain regions at follow-up. The only significant genotype effect in the ROI analysis at follow-up was a reduction of HMPAO uptake in the basal forebrain and septum in the NF1+/ − mice (P = 0.004). This finding was confirmed by a cluster of significantly reduced HMPAO uptake in the voxel-based testing ( Figure 2C) .
Testing for age effects on HMPAO uptake by paired comparison of baseline versus follow-up using the general linear model for repeated measures with genotype as intersubject factor revealed a significant decrease in basal forebrain and septum (P = 0.001), caudate and putamen (P = 0.003), central gray matter (P = 0.005), inferior colliculi (P = 0.035), rest of midbrain (P o 0.0005), cerebellum (P = 0.004), and brain stem (P o 0.0005; Figure 3) . A significant increase of HMPAO uptake with age was observed in the neocortex (P o0.0005) and the hippocampus (P o0.0005). The interaction between genotype and scanning session (baseline, first follow-up) did not reach the level of statistical significance in any of the ROIs. A tendency for a significant interaction was observed in the olfactory bulb (P = 0.068).
F-18-Fluorodeoxyglucose Uptake NF1+/ − and WT mice did not differ with respect to any of the following variables: sex, age, body weight, injected volume or FDG dose, weight of thalamus or cerebrum, total counts in thalamus or cerebrum. The thalamus-to-cerebrum ratio was 1.019 ± 0.124 in the NF1+/ − mice, 0.976 ± 0.098 in the WT mice. The difference was not statistically significant (t = − 1.083, df = 29, P = 0.288; Figure 1G ). Post hoc analysis showed that the power to detect a reduction in NF1+/ − mice of 10%, 15%, 20% at α = 0.05 was 78%, 98%, 99.9%, respectively.
Morphologic Analysis
Animals were first analyzed using conventional histology and hematoxylin-eosin stain. Mouse brains of both groups did not exhibit gross pathologic changes in the structural and cellular composition ( Figures 4A and 4B) . Distinct vascular changes seen as slight enlargement of capillaries were recognized in the amygdala of NF1+/ − mice ( Figure 4B , lower panel). To detect neuronal loss or changes in neuron distribution, NeuN-labeling of neurons was used ( Figures 4C and 4D) . Cell counting showed no differences in neuronal density between the two groups (P = 0.804, Figure 4F ). Synaptophysin labeling also revealed no gross differences between the groups (Figures 4G and 4H ). Both groups showed normal amounts of glial-fibrillary acid protein-positive astrocytes without any localized accumulation in the cortex or the basal ganglia ( Figures 5A and 5B) . The amygdala did not show any astrogliotic reaction as well. The Iba1 stain revealed microglia appearance in the amygdala with a thickening of the cellular body and processes of some cells, whereas the rest of the brain was inconspicuous ( Figures 5C and 5D ). Cell counting revealed a higher density of microglial somata in the amygdala of NF1+/ − compared with WT mice (Figures 5E to 5G) . In two-tailed testing with the t-test for unpaired groups and unequal variances, because Levene's test for homogeneity of variance indicated different variance in the two groups (P = 0.014), the difference did not reach the level of statistical significance (P = 0.174). One-tailed testing for increased microglial cell density in NF1+/ − mice, which might be justified by previous reports on microglial activation in NF1, 32 revealed a tendency towards significance (P = 0.087).
DISCUSSION
As first major finding of the present study, rCBF in the thalamus did not differ between NF1+/ − and WT mice. Given that rCBF is a marker of synaptic activity similar to cerebral glucose metabolism, this finding is in contrast to FDG PET studies in humans with NF1, which consistently showed reduced FDG uptake specifically in the thalamus of NF1 subjects. [20] [21] [22] However, ex vivo measurements of thalamic FDG uptake also did not show an effect in NF1+/ − mice, suggesting that the lack of an effect in the SPECT experiments was not caused by limitations of HMPAO as perfusion tracer nor by limitations of in vivo small animal SPECT imaging, but most likely indicates a real interspecies difference. Thus, the NF1n31 mouse is not useful as model for thalamic hypometabolism in NF1. In fact, the lack of a thalamic effect in NF1n31 mice suggests that the neurologic deficits in humans with NF1 are not directly associated with thalamic hypometabolism, as NF1n31 mice show NF1-typical neurologic and learning deficits without thalamic hypoactivity. Furthermore, NF1n31 mice do not develop neurofibromas. This might suggest that thalamic hypometabolism in humans with NF1 is caused by reduced peripheral input to the thalamus secondary to disturbance of fiber tracts by neurofibromas. This hypothesis might be tested in further studies.
As a second major finding, relative HMPAO uptake was increased in the amygdala of juvenile NF1+/ − mice. The ROI used in the analysis was bilateral, i.e., included the amygdala in both hemispheres, and, therefore, does not allow detection of possible laterality. We tested the amygdala effect for hemispheric laterality as described in our previous work 26 and found no indication of left-right asymmetry, neither in ROI-nor in the voxelbased analyses (results not shown). This suggests that the observed relative hyperperfusion in the amygdala of juvenile NF1+/ − mice is a symmetric effect affecting both hemispheres more or less equally. The fact that the voxel-based group comparison revealed a significant cluster in one hemisphere only (Figure 2A) is an effect of thresholding the statistical parametric map at the significance level P ⩽ 0.01 (at the slightly more liberal threshold P ⩽ 0.05, there was a significant cluster of hyperperfusion in the amygdala of juvenile NF1+/ − mice in both hemispheres, result not shown). Ex vivo measurement of FDG uptake was restricted to the thalamus, i.e., there were no data of FDG uptake in the amygdala available to corroborate the in vivo findings of perfusion SPECT.
Robinson et al 34 performing T2-weighted magnetic resonance imaging at 7 T in 46 NF1+/ − mice and 39 NF1+/+ controls, found significantly increased T2 values in NF1+/ − mice in the striatum, the brainstem, and the thalamus, brain regions often affected by so-called 'unidentified bright objects' in patients with NF1. 35, 36 Significant reduction of T2 values in NF1+/ − mice was observed in motor-and vision-related brain regions as well as in the hippocampus and the amygdala. The 10.5% reduction in the amygdala was the largest among all significant genotype effects on the T2 signal. Voxel-by-voxel testing for correlation between T2 intensity and motor performance (wire-hanging test) revealed a significant negative correlation between T2 intensity in the amygdala and wire-hanging performance in the group of NF1+/ − mice. There was no significant correlation in any other brain region in NF1+/ − mice, neither negative nor positive. Although elevation in T2 signal intensity is generally assumed to reflect increase of the water fraction in tissue, a decrease in T2 signal might indicate increased tissue density and low water fraction. It might be worth noting that the sign of the effect in the amygdala of NF1+/ − mice is different between the present study and the study of Robinson et al, i.e., increase of HMPAO uptake versus decrease of T2 intensity. This suggests that these effects are not secondary to partial volume effects because of different size of the amygdala in NF1+/ − and WT mice, but are rather primary effects in perfusion and tissue density, respectively.
Recently, Molosh et al 16 identified the amygdala as a key structure involved in social learning deficits in NF1+/ − mice. They found aberrant glutamate and GABA neurotransmission in BLA (basolateral amygdala nuclei) neurons in NF1+/ − mice resulting in functional changes in amygdala networks. Our data do not allow to establish a direct association between these effects and the present finding of hyperperfusion in the amygdala of NF1+/ − mice. However, synaptic activity is known to trigger metabolic and vascular changes that can be detected by in vivo brain imaging. 37 Thus, we hypothesize that the hyperperfusion in SPECT reflects altered synaptic activity in the amygdala of NF1+/ − mice.
Morphologic analyses showed no major structural abnormalities in NF1+/ − mice. However, there was some evidence for increased density of microglial somata in the amygdala of NF1+/ − mice (Figures 5E to 5G) accompanied by enlarged capillaries ( Figure 4B ). Statistical testing of the difference in microglial density revealed only a tendency towards statistical significance. The fact that the difference did not reach the level of statistical significance might be explained not only by small sample size, but also by clustering in the NF1+/ − group ( Figure 5G) ; the NF1+/ − group might be divided into two subgroups, one subgroup with clearly increased microglial density (four of six mice) and one subgroup with normal microglial density (two of six mice). The clustering of microglial cell density into 'increased' and 'normal' might indicate intersubject variability of the expression of disease-specific pathology.
Microglia surveys the local microenvironment, making direct contact with synaptic spines 38, 39 and takes part in remodeling of neuronal circuits. 40 Synaptic activity is further influenced by microglia through secretion of brain-derived neurotrophic factor, a molecule that is crucial for learning-dependent synapse formation. Activation of microglia might interfere with these interactions and thus result in cognitive dysfunction. At the same time, activated microglia demands more energy, which results in upregulation of local blood flow to supply more oxygen and glucose. Thus, activation of microglia might be associated with both, impaired cognitive function and increased cerebral blood flow. In NF1, microglial activation has been reported previously, mostly associated with brain tumorigenesis. 32 Its role in synaptic plasticity and neurologic deficits in NF1 is unknown and needs to be clarified in future studies.
As a third major finding, hyperperfusion in the amygdala of NF1+/ − mice was observed at juvenile age only. Perfusion in the amygdala had reduced to normal levels at young adulthood. The normalization of cerebral perfusion in adulthood was observed by follow-up SPECT imaging in the same mice. This longitudinal design is expected to provide more reliable results than crosssectional experiments in which groups of different animals are examined for each age. The time course of hyperperfusion in the amygdala of NF1+/ − mice appears to be in analogy to the time course of neurologic deficits in NF1 patients; most pronounced at juvenile age and dissolving towards adulthood.
CONCLUSION
Juvenile NF1n31 mice show hyperperfusion bilaterally in the amygdala, which normalizes when reaching adulthood. This behavior resembles the typical time course of cognitive deficits in NF1. However, further studies are required to test for causal relationship, which is required to make hyperperfusion in the amygdala a biomarker for cognitive dysfunction in NF1. Further studies are also required to explore hyperperfusion in the amygdala as potential downstream effect of altered synaptic plasticity.
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